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Cluster Compounds with Oxidised, Hexanuclear
[Nb,CI',,I°,]"" Anions (n=2 or 3)

Florian Schroder® and Martin Kéckerling*®

Four mixed-halide cluster salts with chloride-iodide-supported
octahedral Nbg; metal atoms cores were prepared and inves-
tigated. The cluster anions have the formula [NbsCl';,I%]"~ with
Cl occupying the inner ligand sites and | the outer one. They
are one- or two-electron-oxidized (n=2 or 3) with respect to
the starting material cluster. (Ph,P)* and (PPN)* function as
counter cations. The X-ray structures reveal a mixed occupation
of the outer sites for only one compound, (PPN);[NbCl';,1%5 47
Cl% 053] All four compounds are obtained in high yield. If in the
chemical reactions a mixture of acetic anhydride, CH,Cl,, and
trimethylsilyl iodide is used, the resulting acidic conditions lead

Introduction

Reduced halides and oxides of electron-poor transition metals
often contain polyhedral arrangements of metal atoms with
strong metal-metal bonds. Such cluster complexes are an
intensively investigated field of research in solid-state and
solution chemistry for decades."" The large group of cluster
compounds with octahedral metal atom polyhedra of the IVB
and VB group metals are particularly in focus.”??® The M,
octahedra are surrounded by a ligand sphere of either eight (for
M=Nb and X=I; [M¢X;] cluster type) or twelve “inner” ligands
X, (X=Cl or Br; [MX;,] type). In the [M¢X;] cluster type, the X
ligands bridge the faces of the M, octahedron and in the [MX;,]
type the edges.”’?® The cluster units of both types contain, on
the octahedral exo-sites, six additional X° ligands. The [McX'gX?]
and [MgX',,X%] cluster units have been shown to exist in three
different oxidation states. In the [MgX,,] type, these go along
with 16, 15, or 14 (cluster-based) electrons (CBEs) located in the
highest occupied orbitals which are, to a large extent, metal-
centred. The HOMO of non-oxidized cluster cores with 16 CBEs
has a,, symmetry and is metal-metal bonding and metal-X
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to form the two-electron-oxidised species (n=2) with 14
cluster-based electrons (CBEs). If only acetic anhydride is used,
the 15 CBE species (n=3) is obtained in high yield. Interesting
intermolecular bonding is found in (Ph,P),[NbsCI';,I%]-4CH,Cl,
with |1 halogen bonding and m-m bonding interactions
between the phenyl rings of the cations in (PPN);[NbgCl';, /%5 0470
ClPos3]. The solubility of (Ph,P),[NbeCl,I%]-4CH,Cl, has been
determined qualitatively in a variety of solvents, and good
solubility in the aprotic solvents CH,CN, THF and CH.Cl, has
been found.

antibonding in character. The removal of electrons from this
orbital results in cluster units with 15 or 14 CBEs.”*="

Surveying the literature shows that, so far, the Nbg and Taq
iodides are much less investigated than the chlorides and
bromides. This is despite the fact that the few known niobium
cluster iodides, [Nbgly;1, Cs[Nbgl;;1, [NbgleS], and their hydrides as
well as [Nbglg(NH,R)] (R=CH;, GCiH,), [NbglgPy,] and
[NbglsPycll- 9Py (py =pyridine) are rare examples of [MX;] type
group VB cluster compounds. Furthermore, some of them
exhibit very interesting magnetic properties.®***” In contrast to
niobium, the homologous element tantalum forms iodide-
supported cluster units of the [MyX,,] type.*"

In this paper, we report about oxidised mixed chloride-
iodide-supported hexanuclear niobium cluster compounds with
14 or 15 CBEs. These are (Ph,P);[NbCl,lg] (1),
(Ph,P),INbgCl 1,16l - 4CH,Cl, (2), (PPN)3[NbsCl;51% 4710/ Cl%0 053] (3) and
(PPN),[NbgCl;,l¢]-2CH,Cl, (4), which were synthesized and
characterized by X-ray diffraction analysis, IR-, NMR-, and X-ray
photoelectron spectroscopy, as well as by elemental analyses.

Results and Discussion
Synthesis

The stepwise substitution of halogenido ligands in octahedral
M, cluster complexes by other halides (mixed halide cluster
systems) allows for a more or less stepwise modification of
chemical properties, for example of UV-Vis absorption proper-
ties (colour), redox potentials or solubilities. Because of the
presence of two distinct different coordination spheres, inner (i)
and outer (a) in [MgX',X%] type cluster compounds, we started
to search for preparative procedures for mixed chloride-iodide-
supported cluster complexes with only one halide type on each
of the two different coordination site types, that is, cluster

© 2022 The Authors. Published by Wiley-VCH GmbH
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anions of the type [NbgCl',,I%]. Preliminary preparative inves-
tigations starting from [NbCl',,(H,0)%,CI%,]-4H,0 and a large
excess of (R,N)I (R=C,H; or nC,H,) gave Nbg cluster complex
units with mixed Cl an | occupation on both the X' and X sites.
Therefore, we changed the starting material to
[NbeCI',,I%,(H,0)%,]-4H,0, which has already two of the outer
coordination sites occupied by iodide ligands. Tetraphenyl
phosphonium iodide, (Ph,P)I, and p-nitrido-
bis(triphenylphosphane) iodide, (PPN)I, were used as sources for
the remaining iodide anions and counter cations. The substitu-
tion of the water ligands in the starting material is accelerated
by the addition of acetic anhydride. This leads to acidic
reactions conditions, in which the 16 CBE-containing cluster
core is oxidised by one electron, if the reaction is done using
Ac,0 only. If a mixture of Ac,0, CH,Cl,, and (TMS)I is used, a
two-electron oxidation is achieved, leading to the 14 CBE-
containing [NbgCl',,I%]*~ units. This successful concept of
treating [Nb,Cl',X%,(H,0)%,]-4H,0 (X=Cl or I) with a water
scavenger acting as reactant, solvent and oxidiser, and supply-
ing further ligands has been introduced before.*>>" All four
investigated compounds are obtained in high yield. The
experimental conditions for the synthesis of 1 to 4 are
summarized in Scheme 1.

In the cases of 1, 2, and 4, a complete occupation of the X*
site with iodide is achieved without any mixed-halide occupa-
tion. In the case of the (PPN)*-based cluster compound 3, the
structure analysis shows some mixed occupation of the outer
sites to a minor extent (see below).

Structures

All four new cluster compounds described in this paper consist
of octahedral Nbg cluster cores with 12 Cl atoms p,-bonded on
the inner coordination sites and | atoms on the outer ones. The
charges of the discrete [NbeCl',,I%]"" (n=2in2and 4, n=3in 1
and 3) are compensated by either (Ph,P)* (1 and 2) or (PPN)™*
(u-nitrido-bis(triphenylphosphane) 3 and 4) cations. The ratio of

(Ph,P),[NbgCly5l¢] (PhyP)3[NbgCly;l6]
14cee | 2 1 b 1 | 15cBE
+ (PhaP)l + TMSI + (PhaP)l

in Ac;0/CH2Clz in Ac20
[NbsCli215(H20)4]-4H,0
16 CBE
+ (PPN)I + TMSI +(PPN)I
in Ac;0/CH,Cly in Acz0
14 CBE | 4 ¥ y 3 | 15 CBE
(PPN),[NbgClizlg] | [ (PPN)3[NbsCly,CIRIE 4]

Scheme 1. Reaction scheme for the synthesis of 1-4.
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the number of cations to cluster anions allows for the assign-
ment of n=2 for 2 and 4 and n=3 for 1 and 3.

All cluster units carry only Cl atoms on the inner halide sites.
Whereas in the cluster units of 1, 2, and 4 the outer
coordination sites are only occupied by |, the crystal structure
analysis reveals a mixed ClI/I occupation with the finally refined
composition (PPN)3INbCl',,1% 0476 Cl0sss] for 3. In the crystal
structure refinement, the sum of the occupational factors for
each outer halide site was fixed to full occupation. The phase
width for(PPN);[NbeCl';,%.,CI%] is expected to be x <6. Crystals
of 2 and 4 contain further co-crystallized dichloromethane
molecules.

Figures 1-4 show the cation-cluster anion pairs in the
structures of the four compounds. Table 1 details the crystallo-
graphic and refinement data. Ranges and average values of
selected interatomic distances are compiled in Table 2.

The conclusion of the charges of 2-, and 3-, respectively, on
the cluster anions from the cation-anion ratio of the X-ray
structure analysis and thereby the corresponding number of
CBEs of 14 and 15 is in line with the observed Nb—Nb and
Nb—CI' distances. Such distances have been shown to depend
significantly on the number of CBEs present as well as on the
size of the coordinated ligand atoms (matrix effect). Because of
the metal-metal bonding and metal-X' antibonding character of
the a,, HOMO of 16 CBE-cluster units, the M—M bond lengths
increase and the M—X distances decrease on oxidation.*%"
The average Nb—Nb distances in the 15 CBE cluster anions are
determined at 2.9831 A (1) and 2.9798 A (3). They are found in
the range of the values of other 15 CBE [NbyCl';,] cluster units.
In compounds with the [NbeCl,s]>~ cluster anion, the range is
from 3.003 A in [(18-cr-6)(Hs0,)1;[NbsCl;g] to 2956 A in Lu-
INbeCl,g].5°8 An even smaller value of 2.9506 A is found in

Figure 1. Structure of the cluster anion and (Ph,P)" cations in crystals of
(Ph,P);[INb4Cl;l¢] (1). Displacement ellipsoids are shown at the 50 %
probability level and the Nb, core is shown in a polyhedral representation.

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Structure of the cluster anion and the (Ph,P)" cation in crystals of
(Ph,P),[NbCl,,l¢]-4CH,CI, (2). Displacement ellipsoids are shown at the 50%
probability level. The dichloromethane molecules have been omitted for
clarity.

Figure 3. Structure of the four symmetry independent cluster anions and the
(PPN)* cations in crystals of (PPN);[NbsCl';,I% 0sCl 5] (3). Displacement
ellipsoids are shown at the 50% probability level. The cations are shown in a
wire-stick representation.

[Nb4Cl,,(PrCN)I[SbCl;] which can be explained by the much less
pronounced matrix-effect of the exo-N-bonded propionitrile
compared to the chloride ligands.??**-%!

The average Nb—Cl' distances in 1 and 3 with values of
2435 A and 2.433 A compare well with that found for example
in LulNbyCl,g] (2.432 A).5¥ As expected, they are shorter than
those found in 16 CBE cluster units, for example in K,[NbgCl,g]

ChemistryOpen 2022, 11, e202200063 (3 of 8)

Figure 4. Structure of the cluster anion and (PPN)™" cation in crystals of
(PPN),[Nb4Cl;,l¢] - 2CH,Cl, (4). Displacement ellipsoids are shown at the 50%
probability level and the co-crystallised methylene chloride molecules are
omitted for clarity

which has an average Nb—Cl' distance of 2.49 A*"52 Al four
title compounds have | atoms bonded apically to the Nbg
octahedron, with 3 having some admixture of Cl atoms, see
above. In the 15 CBE cluster units of 1 and 3, significantly
longer distances to the Nb atoms (in average 2.9239 A and
2.932 A) are observed compared to those of the 14 CBE units in
2 and 4 (2.8708 A and 2.8773 A).

A further comparison of such distances with other cluster
compounds is difficult, because in all the few so far known
iodide supported Nbg cluster compounds the | atoms are
involved in inter-cluster bridging. Therefore, the distances are
not comparable to those of the terminal bonded I* atoms of the
title compounds. The trend of increasing Nb—Nb and decreas-
ing Nb—ClI' and Nb—I* distances continues on going from the 15
CBE cluster units to the 14 CBE units in 2 and 4, see Table 2.

As in most cases of Nby cluster salts, the ions are arranged
in some sort of (dense) packing. Potentially, voids between the
ions are filled with co-crystallized solvent molecules. Exempla-
rily for the title compounds, the ion packing in crystals of 3 is
shown in Figure 5.

Intermolecular interactions besides van-der-Waals and cou-
lombic forces influence the arrangement of the structural units
in all structures discussed in this paper. In crystals of 1 weak
C—H-I hydrogen bonds exist with the shortest D--A distance of
3.819(6) A. In 2, shorter hydrogen bonds exist between the I
atoms and the H atoms of the co-crystalline dichloromethane
molecules with D--A distances in the range of 3.761(2) A to
3.959(2) A.

The cluster units in 2 are arranged in chains along the
crystallographic ¢ direction with intermolecular - distances
of 4.0340(5) A and a Nb—I>-I* angle of 180°. This angle and the
distance being close to the van-der-Waals distance of two
iodine atoms indicate some attractive halogen bonding.**% As
shown in Figure 6, some |--H hydrogen bonding is present in
addition to the halogen bonding.

In crystals of 3, phenyl rings of neighbouring (PPN)* cations
are arranged parallelly with a centre--centre distance of 4.056 A,
indicating m- interactions, see Figure 7.%7-68

© 2022 The Authors. Published by Wiley-VCH GmbH
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Table 1. Crystal data and numbers pertinent to data collection and structure refinement for the compounds 1-4.
Compound 1 2 3 4
Empirical formula CoHeoCliolsNbgPs CsHagCloolNbgP, Cro8Hs0Ch253915.047ND6PsN3 CyaHeaCligleN,NbBGP,
Fw/g-mol™' 2762.37 2762.70 3271.66 2991.21
Crystal System monoclinic tetragonal triclinic triclinic
Space group P2,/n P4/n P1 P1
a/h 14.224(1) 16.717(1) 14.692(2) 9.8807(7)
b/A 16.392(1) 16.717(1) 28.667(4) 15.463(1)
c/A 37.482(3) 14.058(2) 30.101(4) 16.110(1)
a/® 90 90 67.144(2) 106.555(2)
pre 97.410(3) 90 82.103(2) 95.434(2)
y/° 20 90 87.541(2) 95.955(2)
V/A® 8667(1) 3928.8(8) 11571(3) 2326.5(3)
z 4 2 4 1
T/K 123(2) 123(2) 123(2) 123(2)
wmm™' (MoKa) 3.326 3.908 2.318 3.233
26(max.)/° 53.154 70.122 53.426 70.224
No. indep. Refl., Ry, 18046, 6.81 8688, 4.04 48518, 6.77 20575, 4.91
No. of parameters 892 199 2597 487
GOOF on P 1.032 1.072 1.043 1.072
R1 [1>20()* 3.89 1.90 3.95 2.68
wR2 [I > 20(1)1° 7.29 3.69 7.89 5.71
R1 (all data)® 6.65 3.16 6.25 3.77
wR2 (all data)® 8.25 4.11 8.94 6.32
A B° 0.0216, 42.4467 0.0132, 4.6029 0.0290, 33.2619 0.0175, 3.6423

a) IR, |- IF.|. _ [SwF-Fy.b) 1 oo EH2R

hr= ZZ AN Ce Zz(w(F;)’ ' w oF APy BT B

Table 2. Selected atom distances (A) of the title compounds 1-4.
Range average
(Ph,P)3[Nb,Cl;,l6] (1)
Nb—Nb 2.9771(7)-2.9897(7) 2.9831
Nb—CI' 2.426(1)-2.446(1) 2435
Nb—? 2.9080(6)-2.9385(6) 2.9230
(Ph,P),INb,Cl;,l6]-4 CH,CI, (2)
Nb—Nb 3.0268(3)-3.0308(3) 3.0293
Nb—CI' 2.4228(4)-2.4301(4) 24263
Nb—? 2.8652(5)-2.8762(5) 2.8708
(PPN)s[NbeGin |as.047(9)C|ao.953] ®3)
Nb—Nb 2.9659(7)-2.9900(7) 2.9798
Nb—CI' 2.418(1)-2.451(1) 2433
Nb—? 2.91(1)-2.978(4) 2932
Nb—CI? 2.567(4)-2.567(5) 2.567
(PPN),[Nb4Cly,le] 2 CH,Cl, (4)
Nb—Nb 3.0087(3)-3.0308(3) 3.0211
Nb—CI' 2.4082(5)-2.4242(5) 24168
Nb—I* 2.8613(3)-2.8870(3) 2.8773

Figure 5. View of the arrangement of ions in crystals of 3 in a view of the

content of the unit cell along a. The cations are shown in a wire-stick
representation. The Nbg octahedra are shown as dark blue polyhedral.

nt-1t Interactions are also present between the phenyl rings

of the (PPN)* cation in 4, which are arranged parallelly and
offset with a centre--centre distance of 4.234 A. Further weak
hydrogen bonds of the type C—H-I° exist between the co-
crystallized CH,Cl, molecules and I atoms with a D--A distance

of 4229 A.

Solubility

The solubility of (Ph,P),[NbyCl;,l¢]-4CH,Cl, (2) in some common
solvents has been determined qualitatively. The results are

shown in Table 3.

ChemistryOpen 2022, 11, e202200063 (4 of 8)

Table 3. Qualitative solubility of 2 in common solvents.

Solvent Solubility
pentane, toluene insoluble
ethyl acetate, EtOH, MeOH, dioxane, CHCl; low soluble
acetone, CH;CN THF, CH,Cl,, DMSO, DMF, pyridine well soluble

As expected, the ionic cluster salt 2 is not soluble in non-

polar and well soluble in polar solvents. It is interesting to note,
that 2, in contrast to neutral cluster compounds of the type

[NbCl,,L,] with L=organic ligand, is well soluble in the aprotic

© 2022 The Authors. Published by Wiley-VCH GmbH
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Figure 6. View of the intermolecular halogen bonding within chains of the
cluster units running along the crystallographic ¢ direction and hydrogen
bonding between the outer iodine atoms and the H atoms of co-crystallized
dichloromethane molecules in crystals of 2.

Figure 7. 7t-it Interactions, marked by a red dashed line, between phenyl
rings of neighbouring cations in crystals of 3.

THF. This might enable the possibility to perform organo-
metallic chemical reactions at the cluster core.

XPS Investigations

The cluster salts described in this article comprise oxidized
cluster units with respect to the starting compound. To further
characterizes these compounds X-ray photoelectron spectro-
scopic measurements were done on all four compounds.
Figure 8 shows the Nb 3d binding energy spectra of 1-4.

In the binding energy region of Nb 3d, three intensity
maxima are visible, which can be de-convoluted into two
doublets, of which one of each overlaps with one of the other,
such that they together form the middle peak in the spectra.
They are related to the two different bonding conditions of the
inner and outer halides. Comparing the spectra of the 14 CBE

ChemistryOpen 2022, 11, e202200063 (5 of 8)

204 206 208 210 [——(PhyP)4iNbgCliplel (1) 15 CBE
—— (Ph,P)yINbgCl1olgl (2) 14 CBE

1
1
: (PPN)3[NbGCl124,0g.] (3) 15 CBE|

Intensity [a.u.]

202 204 206 208 210 212 214 216 218 220
Binding Energy [eV]

Figure 8. Nb 3d binding energy spectra of 1-4.

with those of the 15 CBE clusters no significant shift of the peak
maxima is visible. Whereas the spectra of the two 14 CBE cluster
units (2 and 4, green and red line in Figure 8) are almost
identical, the maxima of 3 (blue line) are slightly shifted even to
higher energy, whereas those of 1 (black line) are found at
~1eV lower energy. This is in accordance with previous
reports, which state that variations in the metal oxidation states
are not reflected by any significant changes in the metal
binding energy, because the charge variations are delocalized
over the six metal atoms.**7

Conclusion

An efficient synthetic protocol is presented by which it is
possible to prepare [Nb,Cl',I%]" cluster compounds, which
have the outer ligand positions selectively occupied by iodide
ligands. In these processes the cluster core is either one- or
two-electron (n=2 or 3) oxidized. Both structures are charac-
terized by good solubility in various organic solvents. Especially,
the good solubility of 2 in THF might allow in future experi-
ments to modify the cluster cores through organometallic
chemical reactions.

Experimental Section

General: All chemicals, which were not synthesised as described
below, were purchased from commercial suppliers. Because of the
moisture and air sensitivity of some compounds all handling is
done in carefully dried apparatuses under Schlenk conditions or in
an argon filled glove box.

NaCl and niobium powder are dried under high vacuum
(107 mbar) at 600°C for several hours. (Ph,P)I (TCl, >98%), Ac,O
(VWR, 99%), CH,Cl, (barrel stock), and (TMS)I (abcr, 97 %, stored in a
fridge under argon) were used as obtained without further
purification.

© 2022 The Authors. Published by Wiley-VCH GmbH
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Single-Crystal X-ray Structure Determinations: X-ray diffraction
data of single crystals were measured on either a Bruker-Nonius
Apex Kappa |l diffractometer with fine focus tube, monochromator,
Oxford-Cryosystem Cooler and a CCD detector or a Bruker D8 Quest
diffractometer with micro focus X-ray tube, Bruker-Kryoflex low
temperature Cooler and an Apex-Smart CCD Pixel Array Detector.”"
Mo—Ka radiation, A=0.71073 A, was used in both cases. Structure
solutions and refinements were done with the aid of the Shelx-14
program package.”>”* All heavy atoms are refined anisotropically.
In the final structure refinements, the hydrogen atoms were placed
on positions assuming idealized geometry and refined using riding
models. In the structure of 3 the outer iodine sites are not full
occupied, some clusters have chlorine atoms located more closely
at the niobium than the iodine atoms (mixed occupation). These
were refined as split sites with the sum of the occupational factors
being fixed to unity. Further mixing with hydroxide ions on these
sites, accidentally introduced through impurity water molecules,
could not be confirmed. Figures of the compounds were prepared
with the program DIAMOND, Version 4.6.3.7¢!

Deposition Numbers 2143057 (for 1), 2143059 (for 2), 2143060 (for
3), and 2143061 (for 4) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinforma-
tionszentrum Karlsruhe href=http://www.ccdc.cam.ac.uk/structures.

NMR Spectroscopy: NMR data were collected with a Bruker
AVANCE 250 or a Bruker AVANCE 300 device.

Elemental Analysis: Elemental analyses (C, H, N) were done using a
Thermo Quest Flash EA 1112 analyser.

Infrared Spectroscopy: Infrared spectra in the range of 4000-
500 cm™' were obtained with a Bruker Alpha FTIR spectrometer.
Both are equipped with ATR devices.

Powder X-ray Diffraction: Powder X-ray diffraction was carried out
with a Stoe Stadi P powder diffractometer with Cu-K,, radiation
(L=1.5418 A) using a Mythen detector. Measurements were carried
out in transmission setup. Data collection and handling was
performed with the WinXPow program.””

XPS Measurements: Measurements were done with a X-ray photo-
electron spectroscope (XPS) (ESCALAB 220iXL, Thermo Fisher
Scientific). The XPS is equipped with a monochromatic Al Ka. source
(E=1486.6 V). Samples are prepared on a stainless-steel holder
with conductive double-sided adhesive carbon tape. The electron
binding energies were obtained with charge compensation using a
flood electron source and referenced to the Cls core level of
carbon at 284.8 eV (C—C and C—H bonds). For quantitative analysis,
the peaks were deconvoluted with Gaussian-Lorentzian curves
using the software Unifit 2020. The peak areas were normalized by
the transmission function of the spectrometer and the element-
specific sensitivity factor, published by J. H. Scofield in 1976.7®

Solubility of 2in Common Solvents: To determine a qualitative
degree  of solubility of the cluster compound 2,
(Ph,P),[NbCl;,l¢]-4CH,Cl,, in some common solvents, 20 mg pre-
cisely weighted amounts of 2 were mixed with 1mL of the
appropriate solvent in a sample tube. The tube was sealed and
shaken for 60 min. Then, visually three different levels of qualitative
solubility were obtained. The cluster compound is well soluble if it
is completely dissolved. It is of low solubility, if it is not completely
dissolved, but the solution has a brown colour. The compound is
not dissolved if the solvent remains colourless.

ChemistryOpen 2022, 11, e202200063 (6 of 8)

Syntheses

NbCl; is either purchased from commercial suppliers or prepared
from the elements under inert conditions and sublimed.

Na,[NbCl,s]

Na,[NbCl,s] is synthesized using a modified version of a literature-
known procedure:®'-*? 9,00 g NaCl (154.00 mmol), 11.56 g niobium
powder (124.43 mmol, Chempur 99.9%, <65 micron), and 29.10 g
NbCl; (107.71 mmol) are finely ground in a glovebox using a mortar
and the homogenized reactant mixture is divided and filled in two
thick-walled fused silica ampoules (length: 25 cm, outer diameter:
1 cm, wall thickness: 2 mm). The filled ampoules are evacuated
under high vacuum (10°® mbar) and closed shut by flame. They are
heated in a tube furnace from room temperature (RT) to 800°C
within two days, hold at 800 °C for two days and then slowly cooled
down to RT within further two days. The yield and purity of the
black crystalline product is checked by powder X-ray diffraction.

[NbCl,,l,(H,0),]-4H,07"

Using a mortar and pestle, the Na,[Nb¢Cl;] is finely ground and
dissolved in 4.0 L of degassed water and stirring at room temper-
ature over a period of two days under low-oxygen conditions. The
dark green solution is filtered and concentrated to about half of the
volume by a rotary evaporator. To this solution, 500 g of hydroiodic
acid (57%, 2228.11 mmol HI, Alfa Aesar) and 1000g of Nal
(6671.56 mmol) are added slowly and stirred for one more day to
complete precipitation. A black precipitate is obtained, which is
filtered off through a G4 frit and washed several times with cold
acetone. The black-green crystalline material is dried at 60°C for
several hours. An amount of 43.20 g (31.30 mmol, yield: 87 %) of
[NbeCl;,1,(H,0),]-4H,0 is obtained. The product is characterized by
X-ray powder diffraction. A powder diffractogram of
[NbeCl;,1,(H,0),]-4H,0 which was precipitated exclusively using
hydroiodic acid has served as a basis for comparison. Both
diffractograms are in good agreement. The exclusive use of
hydroiodic acid for precipitation is very expensive compared to
synthesis using also Nal, since very large amounts are required. The
synthesis as described by Schifer et al.®” with methanol as solvent
is not used, because, even after multiple washing and drying at
elevated temperatures in high vacuum, methanol is still detectable
in the NMR spectrum.

u-Nitrido-bis(triphenylphosphan)-iodide (PPN)I®"

6.5 g (11.32 mmol) (PPN)CI (97 %, Alfa Aesar) are placed in a 100 mL
screw-top flask together with 50.0 g (301.20 mmol) Kl and 80 mL
(4.44 mol) H,O and stirred at 60°C for two days. After cooling, the
slightly yellowish precipitate is washed several times with water
and dried at 60°C under high vacuum (107° mbar) for 8 h. Yield:
7.2 9 (96%)

(Ph,P);[NbCl,,ls] (1)

Amounts of 200 mg (144.8 umol) [Nb.Cl;,l,(H,0),]-4H,0, 400 mg
(857.8 umol) (Ph,P)I, and 8.0 mL (84.63 mmol) Ac,O are filled in a
8.5 mL sample tube and heated for 10 d at 60°C in a sand bath.
Large black single crystals form in the light-coloured sediment,
which has separated from the dark solution. For EA, IR, and NMR
analyses, the crystals are manually separated from the sediment,
washed three times with Ac,0, CH,Cl,, and Et,0, ground and dried
at 60 °C for at least five hours in high vacuum.

© 2022 The Authors. Published by Wiley-VCH GmbH
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Yield: 288 mg (72 %)

IR: (300 K, ATR, cm™): 449 (m), 521 (vs), 614 (m), 684 (s), 719 (s), 748
(m), 842 (w), 880 (w), 923 (w), 993 (m), 1026 (w), 1104 (m), 1160 (w),
1185 (w), 1313 (w), 1335 (w), 1434 (m), 1480 (w), 1582 (w).

Elemental Analysis: calcd. (%) for CpHgClyslgNbgPs, M=
2762.46 g-mol~": C 31.31, H 2.19; found C 31.64, H 2.30.

'H NMR: ([Dg]DMSO), 250 MHz, 300 K, ppm): §=7.68-7.87 (m, 48H,
H°"™°Ph -+ H™%*Ph), 7.92-8.02 (m, 12H, H*“Ph).

BC{'H} NMR: ([DJDMSO, 250 MHz, 300K, ppm): 6=117.67 (s,
CP*°Ph), 130.43 (s, C™™"Ph), 134.52 (s, C"""°Ph), 135.34 (s, C°*Ph).

(Ph,P),INb,Cl,,l,]-4 CH,CI, (2)

Weighted amounts of 1000 mg (724.4 umol) [NbCl,,l,(H,0),]-4H,0
and 1000 mg (2.14 mmol) (Ph,P)I are stirred for one hour in a
mixture of 20.0 mL (0.31 mol) CH,Cl,, 20.0 mL (0.21 mol) Ac,0, and
5.0 mL (36.73 mmol) (TMS)I in a 50 mL sample tube. Afterwards the
mixture is heated at 40°C in a sand bath for four days. Large black
single crystals have separated along with some amorphous sedi-
ment from the dark solution. For EA, IR and NMR analyses crystals
are separated manually and washed four times with Et,0O, ground
and dried for at least five hours at 60°C in high vacuum
(107 mbar).

Yield: 1580 mg (90 %)

IR: (300 K, ATR, cm™): 435 (m), 451 (m), 523 (vs), 616 (m), 684 (s),
719 (s), 750 (m), 840 (w), 923 (w), 995 (m), 1026 (w), 1104 (s), 1162
(w), 1183 (w), 1263 (w), 1311 (w), 1335 (w), 1434 (m), 1480 (w), 1583
(w).

—

Elemental Analysis: calcd. (%) for CugH,CliylgNbgP,, M=
2423.07 g-mol~": C 23.79, H 1.66; found C 23.73, H 1.74.

'H NMR: ([Dg]DMSO), 250 MHz, 300 K, ppm): §=7.68-7.87 (m, 48H,
H°™°Ph -+ H™%Ph), 7.92-8.01 (m, 12H, H***Ph).

BC('"H) NMR: ([DgDMSO, 250 MHz, 300K, ppm): 6=117.67 (s,
CP*Ph), 130.43 (s, C™™MPh), 134.52 (s, C°""°Ph), 135.32 (s, C°**Ph).

(PPN)3[NbECIi12’05.047(9)C,a0.953] (3)

Amounts of 200mg (144.8 umol) [NbCl;,l,(H,0),]-4H,0 and
400 mg (601.07 mmol) (PPN)I are placed in 8.5 mL sample tube and
8 mL (84.63 mmol) Ac,0 are added. The tube is heated for 1 week
at 60°C in a sand bath. Large black tiles crystallize within some
light-coloured sediment from the dark solution. For EA, IR, and NMR
measurements, the crystals are washed three times with Ac,0 and
Et,O, ground, and dried at 60°C for at least five hours in high
vacuum (107° mbar). For the generation of single crystals, the crude
product is dissolved in a small amount of CH,Cl, and the solution is
allowed to stand motionless at room temperature for several days.

Yield: 322 mg (68 %)

IR: (300 K, ATR, cm™): 441 (m), 499 (s), 530 (vs), 544 (m), 616 (m),
688 (s), 721 (s), 744 (m), 791 (w), 849 (w), 880 (w), 997 (w), 1024 (w),
1072 (w), 1113 (m), 1162 (w), 1183 (w), 1265 (m), 1284 (m), 1298
(m), 1393 (w), 1434 (m), 1482 (w), 1517 (w), 1587 (w), 1667 (vw).

Elemental Analysis: calcd. (%) for C,psHagNsPgNbeClis 530504700 M=
3272.91 g-mol™": C 39.65, H 2.77; found C 40.22, H 2.74.

"H NMR: ([D]DMSO0), 300 MHz, 300 K, ppm): §=7.50-7.65 (m, 72 H,
Ho"°Ph + H™Ph), 7.66-7.76 (m, 18 H, H***Ph).

ChemistryOpen 2022, 11, e202200063 (7 of 8)

3C{'H} NMR: ([D]DMSO, 300 MHz, 300 K, ppm): §=126.78 (d, JCP =
109 Hz, CP*°Ph), 129.32-129.67 (m, C™%"Ph), 131.77-132.15 (m,
C°thoph), 133.64 (s, C*"*Ph).

(PPN),[Nb,Cl,,ls]-2 CH,Cl, (4)

A 50mL sample tube is filled with 1000 mg (724.4 umol)
[NbCl;,l,(H,0),]1-4H,0, 1000 mg (1.50 mmol) (PPN)l, 20.0 mL
(0.31 mol) CH,Cl,, 20.0 mL (0.21 mol) Ac,0, and 5.0 mL (36.73 mmol)
(TMS)I. It is heated in a sand bath at 40°C for one week. Large black
single crystals form along with small amounts of amorphous
sediment from the dark coloured solution. For EA, IR and NMR
measurements, the crystals are washed four times with Et,0,
ground and dried for at least five hours at 60°C in high vacuum
(107 mbar).

Yield: 2398 mg (85 %)

IR: (300 K, ATR, cm™): 429 (m), 453 (m), 499 (vs), 530 (vs), 544 (s),
616 (m), 664 (M), 686 (vs), 719 (s), 742 (m), 791 (w), 849 (w), 929 (w),
973 (m), 995 (m), 1024 (m), 1069 (m), 1111 (s), 1158 (m), 1183 (m)
1259 (s), 1294 (m), 1309 (w), 1434 (m), 1482 (w), 1574 (w), 1587 (w).

1

Elemental Analysis: calcd. (%) for GC;,HgN,P4NbClislg, M=
2821.45 g~mo|’1: C 30.65, H 2.14; found C 30.47, H 2.20.

'H NMR: ([D,]DMSO0), 250 MHz, 300 K, ppm): 8 =7.49-7.65 (m, 48 H,
H°"™Ph ++ H™*Ph), 7.66-7.76 (m, 12 H, H*Ph).

C{'H} NMR: ([D¢]DMSO, 250 MHz, 300 K, ppm): 6 =126.79 (d, JCP =
108 Hz, C"°Ph), 129.28-129.66 (m, C™"Ph), 131.74-132.14 (m,
C""°Ph), 133.64 (s, C°*Ph).
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